Abstract: The purpose of this study was to investigate the neural activity of electroacupuncture (EA) quantitatively. The responses of Sprague-Dawley rats' brain to EA on acupoints -Hegu (LI 4) and Neiguan (PC 6) -were detected by monocrystalline iron oxide nanoparticle (MION)-enhanced functional magnetic resonance imaging (MION-fMRI), which is a 1.5 T horizontal spectrometer equipped with a circular polarized extremity coil. During EA at LI 4, neural activities were analyzed by analysis of functional neural images (AFNI). Neural activation was detected at the structures of hypothalamus, thalamus, hippocampus, and the cortex, while neural deactivation existed at the areas adjacent to the activated sites. EA on PC 6 activated the structures of thalamus and the cortex but deactivated the structures of hypothalamus and hippocampus. The brain responses to EA existed in different areas of activation and deactivation despite stimulating the same acupoint. Additionally, distinct brain neuroimages were produced through stimulating different acupoints. This study suggests that fMRI with AFNI is a good approach to quantifying brain activities. This innovative method brings new perspective into the mechanisms of acupuncture.
Introduction
Functional magnetic resonance imaging (fMRI) has been proven as a useful method of offering high temporal and spatial resolution for noninvasive mapping of brain function. It has also been used to investigate the relationships between peripheral stimulus and the manifestations of central nerves. The fMRI has been utilized to study acupuncture effects since it was first introduced in 1995 (Yoshida et al., 1995) . There are several advantages of using fMRI to study the neural activity in the brain. The examples are: (1) in clinics, fMRI is commonly used to generate the images on regular instruments at 1.5 T and 3 T; (2) a large amount of data with the use of fMRI have been collected in each subject; (3) the vascular responses following single but repeated events are obtained; and (4) it is a new approach to exploring the linkage between acupuncture stimulation and brain responses.
Nevertheless, a number of disadvantages have also been observed the use of current blood oxygenation level dependent (BOLD)-type fMRI technique. The examples are: (1) stimulated images typically exceed un-stimulated images by less than 5%; and (2) the measurements obtained by this technique are performed repeatedly. Recently, Manganeseenhanced fMRI has been used to image brain functions. Manganese, a paramagnetic element, enters cells through voltage-gated calcium channels. When manganese accumulates in brain tissues, this accumulation enhances fMRI with higher spatial resolutions in static states, even in awake animals, as compared to fMRI performed without manganese contrast (Lin et al., 1997; Pautler et al., 1998) . However, it is difficult to quantify the signal intensity of neural activation with this approach. Furthermore, because manganese (Mn ++ ) is a toxic material, it cannot be used in human beings.
Acupuncture has been used to treat many diseases in the Far-Eastern countries for thousands of years. The World Health Organization (WHO) has recommended acupuncture as an effective treatment for 43 human disorders (World Health Organization, 1980) . Although acupuncture has gained increasing popularity in health care for past decades, the mechanism of it remains to be investigated scientifically. In the past, the understanding of the relationship between acupuncture and neuronal correlations in human brain were limited due to the lack of noninvasive methods. This limitation has been lifted ever since fMRI is used to detect the brain responses induced by acupuncture. For example, acupuncturing on vision-related acupoints BL 67 and GB 37 activates the occipital lobe (visual cortex), whereas acupuncturing on hearing-related acupoint GB 43 activates the superior temporal gyrus (auditory cortex) (Cho et al., 1998 (Cho et al., , 2001 . Besides, fMRI localizes the processing of central nervous pathway in human responding to acupuncture stimulation. Acupuncturing the acupoints of LI 4, ST 36, and GB 34 activates the pain-related neuromatrix (Wu et al., 1999 (Wu et al., , 2002 . Functional MRI (fMRI) studies were also performed to allocate the possible mechanisms underlying the frequency specificity as well as individual variability of EAS analgesia (Zhang et al., 2003) .
Previously, with manganese-enhanced fMRI, we found that acupuncturing on different acupoints activates and deactivates different brain nucleus in rats and rabbits (Chiu et al., 2001 (Chiu et al., , 2003 . This finding points out the advantage of using fMRI to study the effects 495 ELECTROACUPUNCTURE-INDUCED NEURAL ACTIVITY ON RAT BRAIN of acupuncture on brain activities: the linkage of acupoints and corresponding cerebral functions can be demonstrated in vivo. However, that study did not use fMRI with enhancement of manganese because even though as compared with conventional fMRI, manganese-enhanced fMRI requires less time for database processing, it only generates qualitative rather than quantitative evaluation of brain images. All these studies show that specific and largely predictable areas of brain activation and deactivation occur when considering the traditional Chinese functions attributable to certain specific acupuncture point (Lewith et al., 2005) .
Monocrystalline iron oxide nanoparticle (MION) has been exploited as a good contrast agent for fMRI (Mandeville et al., 1997) . MION produces quantitative evaluation of brain images when implemented with the analysis of functional neural images (AFNI) software. AFNI is a good choice for laboratories with multiple users, particularly for those who do not want to write programming. AFNI also has several auxiliary programs such as several ANOVA routines, which convert data from 2D to 3D and vise versa via transferring data between computer programs (Sherri et al., 1998) . The purpose of this study was to investigate the electroacupuncture (EA)-induced neural activity through MION-enhanced fMRI and AFNI analysis.
Material and Methods

Animals and Materials
Male Sprague-Dawley rats were obtained from National Yang-Ming University Laboratory Animal Center, Taipei, Taiwan. Those rats were caged individually at 22 ± 2°C under a 12-hour light-dark cycle and were fed with a commercial pellet diet and water. All animals were treated according to the principles outlined by the National Institute of Health (NIH Guide, 1996) . The study protocols were approved by the Committee of National YangMing University.
Rats (280-320 g) were injected with 0.2 ml ketamine (SOIM001, Yung-shin, Taiwan) and urethrane (0.15 g/100 g) (EC 200-123-1, Sigma, St. Louis, MO). Polyethylene catheters (PE-50, Becton Dickinson, USA) were placed in the right femoral vein for MION administration.
MION consists of monocrystalline iron oxide cores that are highly coated with 215B dextran (11 kD). The coating decreases opsonization by plasma proteins, which minimizes removal by the reticuloendothelial system and thus extends the blood half-life (Mandeville et al., 1997; Weissleder et al., 1990; Shen et al., 1993) . The biodistribution (Schaffer et al., 1993) and physicochemical properties of MION (Schaffer et al., 1993; Mandeville et al., 1997) are reported as follows. The blood half-life of MION was approximately 4 hours in rats as determined by a radioactive label. When unlabeled MION was injected at a dose of 10 mg Fe/kg, brain transverse relaxation rate did not show any detectable change for 3 hours while maintaining equilibration in the blood (Mandeville et al., 1997) . MION appeared superparamagnetic with bulk magnetization at 1.5 T, being 90% saturated with respect to the value at 4.7 T (Shen et al., 1993) . 
Electroacupuncture (EA)
While animals were under anesthetic, two needles were inserted to their LI 4 or PC 6 acupoint through the skin (Du et al., 1990; Han et al., 1998, Fig. 1A) . LI 4 acupoint is located between first and second metacarpal bones on the dorsal side of the forelimb. It is innervated by superficial branches of radial nerve. PC 6 acupoint is located between radial and ulnar bones on the palmar side of the forelimb. It is innervated by median nerve. An electric stimulator applied an electric current to the needles (Han Acutens, LH 202H, Taiwan). The parameters were 2/15 Hz alternative in frequency, 0.2 ms in pulse width, intensity 2 mA, and 20 min in duration (Fig. 1B) . Figure 1 . Experimental setup. Electroacupuncture was performed on acupoints LI 4 and PC 6 and the parameters of electroacupuncture were described. The locations of assumptive acupoints LI 4 and PC 6 on rat (A). The location of LI 4 is at the dorsal aspect of the forlimb, between the first and second metacarpal bone and innervated by the assumptive superficial cutaneous branch of radial nerve. The location of PC 6 is at the ventral aspect of the forlimb, between the radial and ulnar bone and innervated by the assumptive medial nerve. The parameters of eletroacupuncture stimulation are as followings. (B) Serial rectangular 2-V DC pulses during 0.2 ms were used at a frequency of 2/15 Hz alternatively for 20 min. The X-axis is time (seconds) and Y-axis is mini-voltage (mV). 
Functional Magnetic Resonance Imaging
The MRI acquisition was performed on a 1.5 T horizontal spectrometer (Vision, SIEMENS, Germany) with a CP extremity coil. T1-weighted images were obtained using GRE with the following parameters: TR = 200 ms, TE = 1.2 ms, matrix size 102 × 128, flip angle 90°, field of view (FOV) = 50 mm, slice thickness (ST) = 4 mm, number of slices = 8, and slice gap = 0.4 mm. Total acquisition was 59 s.
2D-flash images were obtained using GRE with the following parameters: TR = 220 ms, TE = 22 ms, matrix size 128 × 128, flip angle 15°, field of view (FOV) = 45 mm, slice thickness (ST) = 3 mm, number of slices = 5, and slice gap = 0.4 mm. Total acquisition was 59 s. With the DAIM method, 200 images were acquired in the following sequence: first, baseline brain images for 10 min; second, the MION injection; and finally, the electroacupuncture stimulation for 20 min. In the baseline step, 50 images were obtained. In the MION injection step, 50 images were also acquired. In the 20-min EA stimulation step, there were 100 images produced. Total imaging time for each experiment was 40 min.
Data Analysis
To generate images of stimulation and drug action, all sets of functional images were analyzed by XDS (x display stack) program (copyright 1993 by Timothy L. Davis <tldavis@mit.edu>). After image analysis, rCBV -serving as a function of time (t) -was calculated for each image voxel based on the assumption that a linear relationship between the local blood volume function (V) and the signal intensity of time SI (t) had been established. The change in transverse relation rate (ΔR) after injection of MION contrast agent is shown as: rCBV(t) = ΔV(t)/V(0) = ln[SI(t)]/ln[SI(0)] − 1 = ΔR(t)/ΔR(0) − 1. With this method, the hypercapnia-induced changes in CBV were similar to the determinations made by PET and X-ray-computed tomography (Mandeville et al., 1998) Brain maps of drug-induced changes were produced from temporal responses to electric stimulation and drug administration. Each slide typically included 200 images. For image mapping, all of the time points in those images were grouped to produce a time series of images and were analyzed by the on-line registered AFNI program (made by Biophysic department of Medical College of Wisconsin). A t-test was later performed on every voxel to examine changes within each time point. To reduce false positive results, the statistical threshold of p < 0.01 was subjected to several ideal wave forms that correct the total number of brain voxels, and in turn the threshold for significance was p < 1 × 10 −7 .
For each voxel that reached statistical significance, the percentage value of rCBV was indicated on a color scale that was laid on top of the average brain images. The positive and negative changes in CBV were displayed on separate maps. In order to detect the brain responses to EA stimulation, a template was fit to the sequential signal changes during baseline, MION injection, and EA stimulation. The data sets obtained from the fMRI protocol were analyzed with AFNI software, through which brain images were generated. The red color and blue color shown in the images indicated the activated and deactivated regions of the brain, respectively. The brain maps were defined according to the fourth edition of the Rat Brain in Stereotaxic Coordinates (George Paxinos and Charles Watson, 1998).
Results
After a series of performing 1.5 T fMRI on the resting brain of the rat (baseline), MION injection, and EA stimulation, the study was completed. The raw data obtained from a 1.5 T fMRI machine (Fig. 2) during those three steps were transformed to neuroimages. Five regions of interest (ROI) of the rat brain were chosen, which were ventricle, hypothalamus, thalamus, hippocampus, and cortex (Fig. 3) .
The signal intensity had remarkably decreased after MION injection (Fig. 3) . During EA stimulation, the signals either increased or decreased in different regions. The decrease or increase of signal intensity of EA was defined as deactivation or activation of neural activity, respectively. Activated neural activity in hypothalamus and cortex appeared after EA was conducted at acupoint LI 4, whereas there was no significant neural response at thalamus and hippocampus areas. During MION injection and EA stimulation, no significant signal changes were shown in ventricle area (Fig. 3) . Table 1 shows the neuroimages produced by the AFNI. When EA stimulation was conducted at acupoint LI 4, activation (red spots) occurred at the regions of hypothalamus, thalamus, hippocampus, and the cortex, whereas deactivation (blue spots) appeared at hypothalamus and the regions adjacent to the activated areas (Fig. 4) . When acupoint PC 6 was stimulated with EA, activation was shown at the structures of hypothalamus and thalamus, with weaker activation at hippocampus and the cortex. However, deactivation was also present at thalamus, hippocampus, and the cortex (Fig. 4) . Interestingly, in the mappings of brain imaging induced by EA, the activated and deactivated areas were almost complementary to each other, especially at the LI 4 group (Fig. 4) .
Brain responses to EA stimulation include either activation or deactivation in the brain. When EA stimulation was administered on different acupoints, different manifestations of the brain neuroimages were detected. In our previous studies, with the method of MION-enhanced or Mn ++ -enhanced fMRI, the administration of EA stimulation to LI 4 (a classical analgesic acupoint) in rats showed activation at the structures of pain modulatory system. However, EA stimulation at PC 6 (a classical nonanalgelsic acupoint) showed hypothalamus and motor cortex activation only with Mn ++ -enhanced fMRI. The acupoints of LI 4 and PC 6 are located in different meridians of traditional Chinese medicine, and EA stimulation on these two acupoints resulted into different manifestations of neural activities in the brain even though they were innervated by the nerves of brachial plexus.
Discussion
Recent scientific evidence in humans as well as in animals has shown that fMRI is capable of detecting brain activation in response to pain; thus, identifying essential pathway that Figure 3 . The rat brain images of the five regions were transformed from raw data. This figure was transformed from the raw data obtained from the fMRI. All signals were depressed after MION injection. When EA was on, the signal intensity showed increasing at the cortex; decreasing at the hypothalamus; and the thalamus and hippocampus showed no change. And at the region of ventricle no matter whether EA was on or not, it did not exist any changes of signal intensity. 
ROI: region of interest, LI 4 (Hegu): large intestine meridian 4 acupoint, PC 6 (Neiguan): pericardium meridian 6 acupoint, Act: activation, Deact: deactivation, ↑: weak activation, ↑↑: strong activation, ↓: weak deactivation, ↓↓: strong deactivation, NS: no response. is involved in the central processing of the brain may help mediate acupuncture analgesia (Wu et al., 1999 (Wu et al., , 2002 . However, data from previous studies concerning EA-induced manifestations of the brain were qualitative. Therefore, in this study, we propose the newly established quantitative method of reconstructing EA-induced neuroimages, which are represented with activation or deactivation of neural activities in the brain. To our knowledge, this is a novel approach to interpreting the EA effects on the brain using both MION-enhanced fMRI and AFNI.
Acupoints ROI
The depth of anesthesia may affect brain activity; thus, a steady depth of anesthesia is important to maintain the stability of brain activities. In this study, we controlled the animals under anesthesia without affecting their heart rates and arterial blood pressure as well as without inducing any sign of pain in response to skin traction (Han et al., 1998; Jiang et al., 2000; Tuor et al., 2000) .
In this study, we experimented on two acupoints -LI 4 and PC 6. LI 4 and PC 6 are located in the forearm and belong to large intestine and pericardium meridians in terms of traditional Chinese medicine, respectively. According to the Chinese medicine, acupuncture at Hegu (LI 4) treats headache; dizziness; eyes and nose inflammation; toothache; facial palsy; hemiplegia; pain of the forearm; etc. The acupunctue at Neiguan (PC 6) is used to heal palpitation, insomnia, epigastria, vomiting, some psychological problems, and sedation. They are in different meridians with different indications. A previous data from neuroimaging tend to support this observation that different neural substrates may be activated by the use of different acupuncture points, which is a widely acceptable traditional Chinese medical, nonpainful, indication (Lewith et al., 2005) . We, thus, hypothesize that EA stimulation at different peripheral acupoints may result in different central manifestations through corresponding somato-central linkage. LI 4, which is widely used as pain control in clinics, thus, is defined as analgesic acupoint. On the contrary, PC 6, which is frequently applied to the modulation of the cardiopulmonary function, is viewed as nonanalgesic acupoint (Chiu et al., 2003) . In the healthy human brain, acupuncturing at LI 4 (Hegu), ST 36 (Zusanli), and GB34 (Yanglingquan) at the same time, relieves pain by modulating the hypothalamus-limbic system (Wu et al., 1999 (Wu et al., , 2002 . Previous studies have demonstrated that acupuncturing on different acupoints may induce activated and deactivated manifestations in different areas of the brain on fMRI (Wu et al., 1999 (Wu et al., , 2002 . Consistent neural activation exists at hypothalamus, periaqueduct grey matter (PAG), and median raphe nuclei (MnR) after EA has been conducted on LI 4 for 5 min (Chiu et al., 2003) . With the same study design, EA conducted on PC 6 results in neural activation at hypothalamus and primary sensorimotor areas rather than pain modulating area (Chiu et al., 2003) . After comparing the studies that implemented either MION-enhanced fMRI or Mn ++ -enhanced fMRI (Fig. 5) , we found that all studies show neural activation at hypothalamus, thalamus, and hippocampus, with the cortex demonstrating strongest activation. This comparison indicates that the EA on LI 4 not only has the real EA effects but also exerts the effect of muscle contraction on brain images. 
ELECTROACUPUNCTURE-INDUCED NEURAL ACTIVITY ON RAT BRAIN
There are four advantages of using MION-enhanced fMRI with AFNI to interpret the EA effects on human brain. First, this method makes it possible to demonstrate the linkages between traditional acupoints and corresponding cerebral function in vivo. Second, the MION-enhanced fMRI requires less time while producing more image datasets than conventional fMRI method. Third, this method is easier to prepare in animals than the manganese-enhanced fMRI. Finally, this method offers the technique for quantitatively evaluating the effect of EA, in contrast to the BOLD-enhanced functional brain images of human beings and Mn ++ -enhanced functional brain images of animals. To sum up, the brain activation induced by EA-like stimulation can be quantified by MION-enhanced fMRI with AFNI.
